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INTRODUCTION

T h i s paper will discuss a possib le l o w - l e v e l c o n t r o l
i n te r face fo r a robot manipulator. The f i r s t eection
will present background information describing a
proposed system modularioation and the capabil i t ies and
l i m i t a t i o n s a f fo rded by t h e use o f in te r faces . The
next sec t ion presents three possib le l o w - l e v e l robot
oontrol interfaces within this system. Tbese vi11 be
e l a b o r a t e d on i n c l u d i n g a s p e c i f i c a t i o n o f t h e
i n t e r f a c e i n f o r m a t i o n and i t s use , t i m i n g
oonsiderations, and po ten t i a l limitations. Tne paper
concludes v i th a surmary discussion and recommendation.

I.BACKGROUND-
rtris section provides the background discussions on the
low - leve l i n t e r f a c e s i n t o a r o b o t c o n t r o l l e r . The
f i r s t section describzq a propossd architecture for a
r e a l - t i m e con t ro l system that defines generic task
decomposition modules and the interfaces between them.
The second sec t ion de f ines t h e d i f f e r e n t types o f
in fo rmat ion that a v e l 1 spec i f ied i n t e r f a c e must
provide. The next section explains the function of an
in te r face as a tool for abstracting information into a
simpler format so that i t may be used t o construct more
oomplex groupings o f in format ion, and prov ide t h e
capabil i ty of plug oompatible systems.

1.1 A Proposed System Modularization

I n o r d e r t o s p e c i f y f n t e r f a z e s , t he system
modularzation should be defined. An architecture f o r a
rea l - t ime con t ro l system has been proposed by the
national Bureau o f Standards (1-4). It consists o f a
number of component modules which are generic control
levels . These gene f i c cont ro l l e v e l s can be stacked
intar m u l t i p l e l e v e l s t r u c t u r e that provides f o r the
hierarchioal decomposition o f a task. Tbe more complex
the task, the more l e v e l s a re required. Depending on
t h e i r location in the overal l architeoture, aome of the
l e v e l s will not only decompose a task i n t o s impler
parts, but also coordinate ac t i v i t i e s o f sevexnl lower
oantrol leve ls (Figure 1).

The i n t e r f a c e s a r e d e f i n e d by t h e d a t a that
oommunioate the cormand and status inlorration between
these oontrol levels. Aa shown in Flgure 1, there i s a
robot task control ler that receives oommuds rmm the
vorkstat ion con t ro l l e r and sends back status data
re levan t t o these commands. This task decomposition
cont ro l le r o f t h e robo t a l s o in te r faces by vay o f a
request and a feedback buffer with a seneory prweeeing
8nd w o r l d mode l system t h a t can be p i c t u r e d
ho r i zon ta l l y along s ide o f it. This robot task
oontro l ler decomposes the high leve l task oom~ndsl n t o
low - level control o o m m d s for tbe robot.

Below the task decomposition o o n t r o l l e r i s the robot
j o i n t controller. It le ra8poosible for dereloplng the
d r i v e signals t o 8 pa r t i ou la r robot, i ns tan t by

instant , requ i red t o carry out tbe commanded tasks,
w h i l e coordinat ing a l l o f t h e j o i n t mot ions and no t
exceeding any j o i n t l i m i t s . It i s t h i s i n t e r f a c e
between the task decomposition oontrol ler and the robot
jo in t control ler that i s t o be discussed i n t h i s paper.

Each o f the c o n t r o l l e r modules shown i n Figure 1 i s
i t s e l f oompoaed o f one or more generic control levels.
The generic cont ro l l e v e l i s used a8 t h e fundamental
b u i l d i n g b l o c k i n t h i s a r c h i t e c t u r e . F igure 2
provides a more d e t a i l e d look a t a gener ic cont ro l
level. Each l e v e l interfaces t o four other components
in the system. Tbe f i r s t is an interface to a control
l e v e l above that performs a higher l e v e l decomposition
of the task. Thla interface i s composed of two buf fers- a command buf fer f rom, and a s ta tus bu f f e r t o the
higher leve l . I n l i k e eanner, the re i s a s i m i l a r
i n t e r f a c e t o a cont ro l l e v e l below that consis ts o f
oommaad and status buffers. mere is an inter face to a
sensory prooessing/world model system vhich provides
feedback information describing the present status o f
the environment. This interface oonsists o f a request
buffer to this system and the fedback response buffer.

I n order f o r t h e sys tem t o d i s p l a y t h e t y p e o f
f l e x i b i l i t y required, it is important that the data, as
much as p o s s i b l e , be s e p a r a t e d f r o m the a c t u a l
processing within each level. For example, a transfer
task - t o move an object f r o m one point t o another - i s
independent o f t h e type o f o b j e c t t o be moved and of
the pa r t i cu la r locations. The p a r t i c u l a r numeric
r e p r e s e n t a t i o n t h a t d e f i n e s t h e o b j e c t and t h e
Zooations in space oan be separated f r o m the programs
and ruppl ied a t execution t i m e through t h e fourth
i n t e r f a c e i n t o a knowledge base t h a t ca r r i es a l l t h e
task spec i f i c data requ i red f o r the cont ro l le r . Th i s
8eparation o f task and data - the crea t ion o f a da ta
driven system - provides a system where i t is possible
t o think o f programming o f f - l i n e the task s p e c i f i c
data, perhaps through a CAD system, without having t o
reprogram t h e generic t8sk decomposition a lgo r i thms
within the oon t ro l lerels to handle the nev task t o be
accomplished. This adds a great deal o f f l e x i b i l i t y to
t h e system (5).

mi8 lnterfaoe t o a spe2ific task howledge base allows
the oommmd-status i n t e r f a o e s t o represent l e v e l s o f
8bstnot ion In a description of the task. For example,
the oo8mand f r o m t h e Workstation Cont ro l le r t o the
Bobot Task contro l ler might be

TRANSFER objeet PROM wurce TO destination

where the object, source and des t ina t ion f i e l d s
oaotain the symbolic names of them items. To properly
m y aut this b k , there le task apsaific data - g r i p
polnts on the object, grip foroe parameters, approach
and departure paths, intermediate t r a j e c t o r y points ,
accelerat ion and decelerat ion p r o f i l e s , etc. - which
M mquid to f u l l y describe the task. This type of
in iormat ion should be provlded through the i n t e r f a c e
with the taak knowledge base.
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Figure 1: A view o f the major oont ro l le r within a workstation. The interfaoes are
represented by the s r a l l rectangular boxes with arrows. Ib Interface
that the paper addresses i s between the Robot Task C o n t r o l l e r and the
Bobot Joint Controllor. It l a airclod in tb figurn.
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?igum 2: Shorn here a r e tbe lnterfacss surrounding each generic mtml level.
The generic cont ro l l e v e l i s the fundamental building block o f t h e
system. It has a command -status interfaee t o the leve l 8bove and t o the
leve l b low. It interfaces to the Sensory ProoeMsing/UOrld Model f o r
r e a l - t i r e status on the state o f the environment. It interfaces t o the
Task Knowledge Base f o r a l l o f t h e data, such as g r i p f o r c e s ,
*ppmch/dep.Fture p ths , task decision programs, etc. relevant t o the
pu*loulartask king oxoeuted.
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In t h e aystem implemented a t HBS t h a t uses t h i s
8rchiteCtUre, t h e robot cont ro l system below t h e
workstation control ler which consists of the Robot Task
Controller and the Robot Joint Contmller is made up o f
f i v e di f ferent levels of task decomposition (Figure 3).
'The interface to my o f the three lower leve ls could be
specified as the potential candidate fo r the interface
t o t h e robot j o i n t contro l ler . It i s the intent o f
t h i s paper to examine these three and to recommend one
of them as t h e most appropriate a t t h i s t i m e f o r a
model o f a l o w - l e v e l robo t con t ro l in te r face t o be
supplied as an option on commercial robot controllers.

The lowest l e v e l i n t e r f a c e ahown i s t o t h e servo -
control level. A t t h i s l e v e l jo in t position, veloci ty,
or torque information defines the robot motion command
during the next t i m e increment. This l e v e l uses t h a t
oommand together with joint feedback data t o calculate
t h e n e x t d r i v e s i g n a l va l ues t o be sent t o t h e
actuators.

The l e v e l above th is , i d e n t i f i e d as t h e coordinated
j o i n t level , receives commands i n a robot independent
format that specif ies the posit ion and orientation of
t h e tool -mounting p la te a t t h e end of t h e robot. T h i s
might a l s o be a v e l o c i t y o r f o r c e command, bu t
specified in a convenient world-based coordinate frame
o f re ference. It i s through the coordinated j o i n t
l e v e l that t h i s informat ion willbe transformed i n t o
the j o i n t rep resen ta t ion o f the robot t o cause the
tool-mounting plate and therefore the attached tool to
behave aa commanded.

The l e v e l above t h i s - tne primit ive l e v e l - receives
commands i n the fo rm o f goal po in ts or t r a j e c t o r y
8egments. It generates a l l the intermediate positions
i n space o f t h e tool -mounting p l a t e t h a t d e f i n e t b e
control path to the specified goal point.

Interfaces above these leve ls will not be addressed in
t h i s paper . These t h r e e i n t e r f a c e s then, t h a t
represent the inputs to these three leve ls o f cantrol.
t h e p r i m i t i v e , the coordinated j o i n t and t h e servo,
then become the ta rge t Interfaces fo r a low - level robot
cont ro l interface.

1.2 Complex In ter face Specification

I n t e r f a c e s a r e the complementary r e s u l t o f t h e
modularzat ion o f a system i n t o functionally separate
components. Tba'interfaces are the connectims between
these components. A system I s modularized t o part i t ion
out simpler components or modules to make i t msier to
understand, design and implement t h a t system. For
example, a robot controller m i g h t be modularized into a
number o f components such as the c o o r d i n a t e
transformation routines, t r a j e c t o r y rout ines, p a l l e t -
o f f s e t routines, servo routines, etc., or whatever set
of modules that the designer flnds appropriate to m a a t
the functional requirements. These modules ( sets o f
r o u t i n e s ) have i n t e r f a c e s be tween them. These
i n t e r f a c e s can be def ined by the data that passes
between the modules as t h e y a r e o a l l e d t o carry out
thei r portion of the overal l function.

Bowever, the interfaces a n also impl lc i t l y defined by
t h e t iming and t h e func t iona l use o f t h i s data during
execution. That is, the data by i t s e l f does not
oompletely 6pecify the interface between aomponent sets
o f programs. When the trajectory module oalculates the
next intermediate point for the robot and passes it t o
the servo module, it i s i m p l i c i t l y assumed t h a t the
aervo module will axecute on it a t t h a t t i m e ra ther
than at aome later time. It L a100 impl ic i t l y asaumad
that the servo module will do whatever i s roquired t o
Qause t h e robo t t o reach t h a t commanded posit ion. In

reality, the servo algorithm 8ight cause the robot to
go to a different position, o f f se t f m m the commanded
posit ion beoause of a gravity loading force creating a
steady state error that the servo a&orithm is not set
up t o overcome. In this aituclion, the programmer might
provide a t a t u s back t o the ca l l i ng rout ine t h a t
includes information about the robot's actual position.
Alternatively, a n e w servo algorithm might be wr i t ten
with additional calculations used t o servo out steady
s t a t e errors . I n any case, it i s important t o note
that the programmer has passed data between the modules
with i m p l i c i t assumptions about t h e t iming and
func t iona l use o f t h a t data due t o h i s d e t a i l e d
knowledge o f how each par t o f t h e e n t i r e system was
executing.

Thus, t h e data spec i f i ca t i on c o n s t i t u t e s a v a l i d
i n t e r f a c e between t w o modules only if the modules
execute on i t i n an expected t i m e i n t e r v a l and i n an
expected manner. The in te r face , such as the one being
described in this paper, will connect two modules that
will not have bean w r i t e a by the same person, or even
by t h e same company. Therefore it i s important to
e x p l i c i t l y d e t e r m i n e and s p e c i f y a l l o f t h e
information, including what i s impl ic i t ly assumed.

All interfaces to be discussed la te r in the paper will
be defined by:

1. l b e data specif icat ion that includes the format
and l e g i t i m a t e values within the b u f f e r tha t
represents t h e information passed between the
connecting modules. Ihis includes the information
passing i n both directions between the two modules.

2. The t iming spec i f i ca t i on t h a t inc ludes t h e
maximum t ime delay i n communicating a data set from
one module to the other, the expected t ime i n t e r v a l
before the receiving nodule begins execution on the
data, the expected time Interva l before a resultant
change in output wil1occur, and the expected t ime
be fo re s ta tus will be received back from t h e
module.

3. The func t i ona l i t y spec i f i ca t ion that includes
what behaviour i s expected f r o m each module as a
r e s u l t o f each piece o f in fo rmat ion passed t o it:
not only what a module should do, but what it
should not do.

The data spec i f i ca t ion ( the e x p l i c i t information) and
both the t i m i n g and functionality o f oonnected modules
( t h e i m p l i c i t in format ion) are a l l needed i n the
definition of the interfaces be tween modules. When a
aystem i s designed andbuilt as a stand alone, bundled
ofstem, these problems of understanding and specifying
t h i s a d d i t i o n a l t i m i n g and func t i ona l i t y o f the
i n t e r f a c e data usually do no t occur because the
programmer r e e o l v e s t h e s e i ssues with i m p l i c i t
knowledge about the detailed operatim of a l l parts of
the overal l system. If,however, a system i s t o have
interfaces Prom external systems into i t a t d i f fe ren t
l eve l s o f i t s capab i l i t i e s , o r i s it i t s e l f t o be a
oomponent of a yet larger system, then these issues of
the krterface specification must be addressed.

A to ta l ly separate issue f r o m the above description of
an interface i s the specification of the communication
mechanism that will be usod to transfer the interface
data. Whether an RS-232 s e r i a l link, a p a r a l l e l l i nk
o r a network coax ia l base-band or broad-band system
with i t s associated protocol, i s used i s par t an
independent issue and will not be covered i n t h i sp.w.
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F i g u r e 31 The Robot Task Cont ro l lo r and Robot Joint Cont ro l le r w e composed o f
f i v e gener ic control levels . There are t h r e e possib le i n t e r f a c e s
between t h e l o w e r con t ro l l e v e l s that might be used to d e f i n e t h i s
Lntorface k t w m tbu two pioturad cmtml lors.
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1.3 Interfaces and Levels o f Abstraction

I n t e r f a c e s prov ide l e v e l s o f abstract ion within a
system. Within t h e con t ro l a rch i tec tu re described i n
seation 1.1, the interfaces represent different levels
o f task description or abstraction. Ibe interface data
to the Coordimted Joint Level includes task oommands
which might be the spec i f i ca t i on o f the next pose o f
t h e tool-mounting p l a t e i n space. A group o f these
poses represents an approach path. Therefore, it i s
possib le t o assume that the in te r f ace t o t h e next
higher l e v e l (Primit ive 1 could contain commands such
as "GO-THRU Intermediate -Point -11" which i s r e a l l y an
abstraction by way o f "chunking" or grouping together a
met o f poses through space.

Figure 4 i l l u s t r a t e s an app l ica t ion task decomposed
th rough t h e f i v e l e v e l s i n t h e c o n t r o l l e r
a r c h i t e c t u r e . The i n t e r f a c e d a t a r e f l e c t s t h e
d i f f e r e n t l e v e l s o f abs t rac t ion f o r t h i s task as
implemented. The h i g h e s t l e v e l shown d e p i c t s
informat ion a t t h e l e v e l o f a command t o TRANSFER an
object . The n e x t lower l e v e l i n t e r f a c e contains
informatian in the form of simpler commands l i k e HOVE-
TO a source locat ion, PICKUP an object, e tc . The
function o f each module becomes t h e manipulation o f
data between a higher and l o w e r leve l o f abstraction:
t h e breakdown or decomposition. o f a broader scope
representation of the information i n t o i t s component,
more detai led suboomponents.

h analogy t o oontrol interfaces in a robot ics system
can be made with programming languages used as
in ter faces t o computers. A t the lowest ?-vel, computer
hardware i s cont ro l led by pat te rns o f b i t s t h a t
represent var ious gate l e v e l s i n t h e con t ro l logic.
This machine code programming can be abs t rac ted t o a
higher l e v e l i n t e r f ace known as assembly language,
where s ing le mnemonics represent a pat tern o f 8, 16, 32
or more b i t s i n t h e nachine code. T h i s can be
abstracted to a high leve l language where single words
or operators can represent 1, 5, 10 or more assembler
memonics.

The con t ro l i n t e r f a c e s , t h e language constructs, a r e
de f i ned f o r computers for t h e same reasons as f o r
robots. F i r s t , they a l l o w plug compat ib i l i t y , 1.0.
programs wr i t ten i n FORTRAU can run on d i f f e r e n t
oomputer hardware systems. They also ident i fy levels
o f abstract ion m the task or program can bo 8pocifi.d
a t a high l e v e l o f abstraction without gett ing involvod
in the lower lever de ta i l s o f the system.

This analogy a l s o po in ts out some o f the l i m i t a t i o n s
t h a t occur. The high l e v e l languages may not be able
t o u t i l i z e spec ia l i zed hardware c a p a b i l i t i e s f o r a
s p e c i f i c system. Thus, t h e higher t h e l e v e l o f
abstract ion, the l e s s d e t a i l e d information about t h e
low - leve l system can be represented. There i s the
d i l e m m a t h a t i f a l l o f t h e l o w - l e v e l d e t a i l e d
o a p a b i l i t y oan be r e p r e s e n t e d i n the h i g h - l e v e l
i n t e r f a c e , then the value o f the l n t e r f ace i s l o s t
r i n c e t h e r e has been no abstract ion or apparent
r e d u c t i o n i n t h e auount and c o m p l e x i t y o f t he
information a t the d i f fe ren t levels.

1.4 Interfaces and Large System Integration

Command -status oont ro l in te r faces o f f e r 8 number o f
advantages f o r la rge system integrations. Inter faces
define a plug compatible data sot that allows modulo8
to be changed t o upgrade t h e i r functional capabilities
with min imum r i p p l e effozta a the res t o f the system.
For example, a t r a j e c t o r y generat ion module could be
upgraded t o prov ide a smoothly varying accelerat ion,
lnatead o f a step funct ion aoceleration. The input data

la s t i l l the goal point. I b e output data o f the nodule
Is s t i l l the sequence o f intermediate positions. The
function of the module bas been rep laced with an
improved veraion.

A l a rge r view o f the plug compatible f e a t u r e i s t h a t
i n t e r f a c e s prov ide the mechanism f o r assembl ing
components i n t o l a rge r 8yste.s. For example, w e l l -
defined interfaces m i g h t allow the integration o f any
o f severa l d i f f e r e n t robots t o a generic robo t task
con t ro l l e r module, 80 that the application programs do
not have t o be changed or r e w r i t t e n t o car ry out t h e
same task, using different robots.

The l o w - l e v e l c o n t r o l i n t e r f ace within a r e a l - t i m e
system i s complex. The robot i n t e r f a c e s are b i -
d i r e c t i o n a l : oont ro l informat ion i s sent t o t h e nex t
lower module and status information is received back.
I n addit ion, t h e cont ro l o f t h e r o b o t j o i n t s may be
oommanded by j o i n t position, velocity, acceleration or
torque or some combination o f these.

The design o f a system t o c r e a t e a l o w - l e v e l c o n t r o l
l n t e r f a c e t o gain plug compat ib i l i t y and information
abstract ion. could p o t e n t i a l l y limit the e f f i c i e n c y
with which indiv idual robot manipulators can be used i n
r e a l i z i n g t h e i r unique c a p a b i l i t i e s . However, it
would provide the ab i l i t y to be able t o in tegrate many
different robots, wi th di f ferent capabi l i t ies , into a
system t o perform d i f f e r e n t tasks without having t o
change the upper leve ls o f control.

me use of interfaces t o define plug compatibl i ty and
leve l s o f abstraction also encourages the development
o f data dr iven systems. These inc lude developing
structures. languages and prog ramming styles to specify
application tasks in a data independent fo rm where only
the generic task dm?omposition la described. The data
t h a t uniquely spec i f ies p a r t i c u l a r workpieces i n
p a r t i c u l a r loca t ions and or ien ta t ions a r e tagged t o
variables durlng execution through a separate in te r face
to the task specific knowledge base as described above.
For ezample, a transfer application task would involve
going to a source looation, picking up an object, going
t o a destination location, set t ing down the objec t and
going to a fine1 location. This sequence o f operations
i s gener ic across a l l t r a n s f e r tasks. The numer ica l
i d e n t i f i c a t i o n o f r e l e v a n t g r i p s , approach and
departure paths fo r a particular object as w e l l as the
ooordimtes that define tbe locations in the workspace
oould be obtained f r o m data structures during execution
by associating particular objects with locat ions and
re t r iev ing a l l o f the associated data records.

The abstractim in the command structure of the control
in ter faces tends t o preclude the specification of a l l
o f t h i s data with the command and therefore, if t h i s
data i s not t o be bur ied i n t h e i n t e r n a l programs, a
soparate i n t e r f a c e t o an ex terna l representat ion of
t h i s detai led task data is su@ested.

Tbus, oon tml lntarfaoes would contain the generic task
oommands with only thO8e data arguments t h a t are
appropriate to tht level of oommand abstraction ( for
oxample, only the symbolic names of par t icu lar objects
or locations.) To d e a l r i t h new p a r t s or a change i n
the work environment, would be l change i n t h e data,
not i n the programs. mi8 8ame app l ica t ion program
would acoOmpli6h the task using a d l f fe ren t robot or in
a different work8tatla1 without mpro&ramming.

In addition, the task dosoription i s modularized by the
ooatrwl lnterfnces into d i f fe ren t levels of abrtract ion
which enhance t h e user's understanding o f the system
.ad help identify approprlata plaoes in the aystum fo r
tbo addition o f new fwtures, 8emors, etc.
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Figure 4: %e function of eaob of the f i r e task decomposition control leve ls i s
illu~tmtedbare. The Tnsk Lave1 receives commands thmugh i t s input
in te r face . An example i s the command t o TRANSFER an o b j e c t f rom a
mume to a destinatian location and move the robot to a final position.
me Task Level decomposes the task i n t o a sequence o f slmpler commands,
such as UOVE to the source location. Each l o w e r l e v e l decomposes a
s imp le r and simpler co8mand un t i l t h e lowest l e v e l i s ccm8anded t h e
dr i ve algnnls to the actuators. A t each leve l , there i a illustmted the
ororall offeet o f the jnpt cormland a t that l e v e l with n s F t to the
008pleta task.
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These advantages come a t a cost o f more e f f o r t i n t h e
design and implementatica o f oontrollers to partition
and provide these interfaces and a probable l i m i t a t i o n
i n t h e e f f i c i e n c y or optimized use o f a p a r t i c u l a r
robot manipulator's features.

11. Loy-LEVEL ROBOT CONTROL INTERFACE-

The above sections were used to lay the background fo r
tbe discussion of a low- level robot control interface.
To have an i n t e r f a c e , a s y s t e m must f i r s t be
p a r t i t i o n e d i n t o component modules. The suggested
a r c h i t e c t u r e described above i d e n t i f i e s an in te r face
between the Robot Task Control ler a d the Robot Joint
Controller. A f i n e r partitioning of the control system
represented by these two c o n t r o l l e r s leads to three
po ten t i a l i n t e r f a c e s a t d i f f e r e n t l e v e l s i n t h e task
decomposition structure. Any one o f these three m i g h t
be made t o represent the in ter face between the higher
l e v e l task c o n t r o l l e r and t h e l o w e r l e v e l j o i n t
control ler.

The possible advantages of a control interface o f th is
type will be rev iewed be fo re discussing these t h r e e
a p e c i f i c i n t e r f a c e s i n d e t a i l . These advantages can
then be used as a check l i s t against which t o evaluate
each o f the Fndividual interfa - os to determine a f i g u r e
o f mer i t of i t s uaefulness.

11.1 External ly Generated Control Capabilit ies

The purpose o f a low - leve l cont ro l i n t e r f a c e i s t o
p r o v i d e a means o f g i v i n g the r o b o t a d d i t i o n a l
capab i l i t i e s over what might be prov ided by t h e
vendor's c o n t r o l l e r . The i n t e r f a c e p r o v i d e s a
mechanism whereby a user can control the robot, taking
advantage o f the robot 's manipulation c a p a b i l i t i e s
wh i le i n t eg ra t i ng it i n t o user s p e c i f i c tasks too
d i v e r s e t o be eas i l y accomodated by the vendor's
controller.

The fo l l ow ing i s a b r i e f descr ip t ion o f a number o f
more soph is t i ca ted cont ro l c a p a b l i l t i e s t h a t a re not
available with many vendor's controllers. Without the
vendor provid ing the a b i l i t y t o do these types o f
tasks, t h e user 's on ly op t i on i s t o supply the
ooqlputing system and algorithms necessary to calculate
h i s spec i f ic control requirements, decompose the task
execution into the low- level mbot oontrol information
necessary t o command the robot, and pass t h i s data
through the proposed vendor supplied interface.

Desired control capabilities are:

1. To c o n t r o l the p a t h o f t h e robo t using
t r a j e c t o r y c a p a b i l i t i e s such as v e l o c i t y and
aocaleration control, CF to define arbitrary paths
through space to fo l low (a part icular mathematical
r u r f a c e o r curve) , o r t o change t h e path o r
t r a j e c t o r y parameters a t any instant be fo re t h e
original goal was reached.

2. To a l low in te rac t i on with any sensors, s imple
o r complex, t o furnish date f o r t h e rea l - t ime
c o n t r o l o f r o b o t mo t i on based on these data ( 1.e.
continuous r e a l - t i m e path modif icat ion based on
sensory feedback.) This includes t h e a b i l i t y t o
in teract with safety systems ud interlock slgnals
be tween equipment conponents.

3. To con t ro l detai led f i n e motion of tbe robot as
a c lose ly coupled operation with another device.
This device, such as a glue gun, a welder o r pa in t
sprayer, may be attached t o the robot and the
feedrate o f t h i s device might vary' be sensed and

used t o con t ro l the path r a t e o f the robot. The
device may be another robot, locked i n a t igh t l y
ooupled task requiring t h l s type of high speed f i n e
motion oontrol.

9. To make t h e act ions o f the robot manipulator
part of M integrated h s k of a much larger scope.
For example, the robot m i g h t be one component of a
total ly automated workstation involving a machine
too l , robot , au tomat ic f i x t u r i n g , m a t e r i a l s
transport, etc. where i t s ac t ions have t o be
commanded and ooordinated with a11 o f the other
ac t i v i t i e s in order to aocomplish the overa l l task.

5. To make use o f information i n e x t e r n a l data
bases t h a t might rep resen t p o i n t s i n space,
t r a j e c t o r y paths, etc. where accessing t h i s
information would save muoh e f f o r t over teaching
t h e robo t o r enter ing th i s data i n t o i t s programs
in the vendor provided manner. b an example, a
da ta base might contain t h e l o c a t i o n o f 500 holes
t o be d r i l l e d i n an a i rp lane wing. Clear ly ,
ret r iev ing th is already exis t ing data i s preferable
to baching a l l o f these po in t s to the robot.

6. To crwate generic task application programs so
that the same higher l e v e l program can be used with
a d i f f e r e n t robo t o f e i t h e r the same type, o
u l t ima te l y a d i f f e r e n t type t h a t s t i l l meets t h e
m a n i p u l a t i v e r e q u i r e m e n t s o f t h e task. For
example, M application program could be vritten to
spot we ld a fender, and if t h e pa r t i cu l a r robot
tha t normally c a r r i e d out the task was t o become
inoperat ive. another robot on t h e l i n e could be
con t ro l l ed t o carry out the same task by sending
the -me control information through the interface.

This a b i l i t y would also be valuable ln a system o f
a number o f d i f f e r e n t vendor robo ts where t h e
programming of one vendor's cont ro l le r does n o t
natch that requi red f o r another vendor's system.
Tnerefore, a user might oonnect through a low- level
i n t e r f ace Into a number o f d i f f e r e n t robots and
provide h is own single generic cont ro l ler to do the
task decomposition, and thereby make a l l o f t h e
robots appear ident ical to both the programming and
con t ro l system. This would g r e a t l y reduce the
programming support burden and s i m p l i f y the task
description in large integrated systems.

By providing a we l l - spec i f l e d l o v - l e v e l c o n t r o l
in ter face, t h e above c a p a b i l i t i e s could be achieved.
All increased capabilities, however, oome a t some cost
and these limitations willbe mentioned with respect t o
each o f the p a r t i c u l a r in te r faces . I n general, the
cost o f in ter fac ing i n 1088 o f e f f i c i e n c y or decrease
i n opt imiza t ion o f use o r funct ional i ty . That i s , an
interface i s a greatly reduced information set, used t o
designate a commaad or action. Because so few b i t s o f
informat ion pass through an in te r face , the re i s a
l l m i t e d amount o f unique specialized control that can
be communicated. This will be elaborated on i n t h e
following three sections which will describe the three
possible con t ro l i n t e r f a c e s in to the robo t j o i n t
controller.

11.2 "ne Servo Level Control Interface

The f i r s t in ter face, tha t o f the i n t e r f a c e i n t o t h e
M ~ V Ooontrol level, requires information unique t o a
p a r t i c u l a r robot. A t t h i s l e v e l , t h e i n t e r f a c e
ooamands are i d e n t i f y pa r t i cu l a r control actions for
each of the iu i iv idua l j o i n t s of the robot. This l e v e l
interface i s robot dependent. That is, the information
t h a t passes i s s p e c i f i c t o an ind i v i dua l robot and
aould be very dl f ferent f r o m one robot t o another.
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This i n t e r f a c e contains data of w r e r a l types (Figure
5). mere has to be commam.3 information passing f r o m
t h e l e v e l above i n t o t h i s servo l e v e l to prov ide
posit ion, ve loc i ty , acce le ra t ion or torque data f o r
u c h of the individual joints. It i s also desirable t o
be able to m o d i f y this information at my t i m e during
oxe~ution. lbat is, in m e command, request a posit ion
8erv0, and i n t h e n e x t command request a torque servo
or velocity servo, etc. 'Ibis requires the capability o f
not only passing a s e t o f data that represents t h e
values f a r each o f the j o i n t s o f t h e robot , but a lso
8ome sor t o f f l a g informat ion t o i n d i c a t e t h a t these
f i e l d s represent torques, posit ions, v e l o c i t i e s or
accelerations.

It might be desirable t o be able t o include parameters
that would change d i f f e r e n t gain f a c t o r s o r
coef f ic ients that are used in the servo equation. For
orample, a t some t i m eIt m i g h t be desirable to have the
robot behave as i f it were a very high gain system fo r
high prec is ion work, and a t other t i m e s t o have it
behave as i f it were a low gain system f o r smooth
t r a j e c t o r y mot ions. E i t h e r these o r some o t h e r
parameter could be used to iden t i f y changing load
s ituatioas.
B e inter face returns information that i s status. 'Ibis
status informat im represents whether or not the servo
l e v e l was ab le t o c a r r y out the las t command given.
For example, d id the servo leve l successfully move the
j o i n t s t o t h e commanded positions. If it hasn't, then
the status parameter would indicate thla with ei ther a
qual i ta t ive or quanti t ive measure of suocess, ruch as
the percent of the move aocooplished, or perhaps some
t i m i n g information that Indicates when that commend OM
be expected to be renlized.

P a r t o f th i s informat ion being returned t o the l e v e l
above i s s ta tus o f t h e l a s t command t h a t was given t o
the system. I n orde r f o r t h e r e t o be no confusion
about what the s ta tus r e l a t e s to, the i n t e r f a c e will
bave to include information to define which wmmand the
r t a t u s i s r e f e r r i n g t o . D e p e n d i n g on t h e
oomnmications mechanism used t o t ransfer the data, it
is entirely possible that status beingreceived ray be
fo r the command issued before the l as t command that was
8ent ( t h a t is . two commands before the current
command.) Teenfore, to e l i m i n a t e this confusion, there
ahould be additional informatian in the interface tbat
uniquely ident i f ies each command, and the status should
mflect this identitloation.

Is mentioned above, there must be spec i f i ed a r a t e as
t o how of ten commands a r e t o be accepted and acted
upon, and how o f t e n the s ta tus data i s t o be returned.
hr ther , these c o m m a d and status transmiaaiaw should
be p a r a l l e l a c t i v i t i e s . both occuring easen t l a l l y
simultaneously, that la with the same ef fec t i ve rete.

I n addi t ion to the command and status information,
there la the expected t i m i n g of tbe interactiaos. R e a l -
t i m e oontrol systems imply t iming constraints. When a
command i s passed t o t h e servo l e v e l , the re I s 8n
expectation that that connand will be acted upon by the
8ervo l e v e l within a cer ta in Umlted t ime period, and
that it willbe acted upon even if the previous commend
i s not ye t f in ished. The timing spec i f i ca t ion i n t h i s
inter face, should inc lude t h e maxi8um t i m e al lowed
a f t e r a command i s g iven before the l e v e l below must
begin executing on it,as w e l l as a maximum t i m e
befom the expected oompletim of that oomrand. l h i a
would r e q u i r e that t h e l o v e 1 below not p ipe l i ne or
buf fer input commands. tkr ehould the l e v e l wai tuntil
it bas actual ly finished a previous oommand before i t
begins working m the next one. It la expoctd tht a
C0m-d passed through the interfa00 Willbe acted Up00

lod exeouted during the next oontrol cycle o f the lower
lovel. Therefore, the madmum times allowed to ensure
this happening ahould be specified in the interface.

'Ibc communioatiao r a t e through this interface into the
8ervo l e v e l might be such that n e w conmands willbe
provided a t a rate less often than the servo rate. New
j o i n t positions r ight be commanded a t a r a t e of 50/sec,
fo r instance, whereas the servo update r a t e f o r t h e
actuators might be on the order o f 1000hec. In t h i s
case, an interpolat ion would be required within t h e
servo caloulat ions t o prov ide new set po in ts a t t h e
8ervc rate. Add i t iona l parameters could be passed
through t h e in te r f ace t o he lp de f ine the expected
ve loc i t y o r acce le ra t in p r o f i l e so i n t e r p o l a t i o n
rout ines other then linear could be used to smooth the
ration.

Further, certain information about the robot that may
k returned in the status m i g h t require nome manner o f
t i r e stamp. Par t o f t h e status in fo rmat ion might
inc lude t h e measured pos i t i on o f the robot a t each
instant i n time. This becomes very important f o r use
with sensory data t h a t comes from sensors mounted on
the robot i tse l f . When the robot i s moving and sensory
readings a r e taken, those sensory readings must be
correlated with the eract position of the robot a t the
t ime the readings were taken. Therefore, there must be
a mechanism t o def ine exactly when the robot posit ional
in fo rmat ion i s read as opposed t o when it i s repor ted
through t h e inter face. If t h e robot i s only t o be used
in taska where it la moved to a location point, allowed
t o come t o rest and the sensors sampled, then t h i s
t i m i n g o f w h e n the robot's posit ion sensors are read i s
not c r i t i c a l , as long as it happens during the per iod
when the r o b o t i s s t a t i o n a r y . But f o r more
sophist icated sensory in te rac t ion . where sensors are
aamplad during robot motion, it i s critical to be able
t o ident i fy a t w h a t t i m e the data was sampled in order
to correlate these readings with the absolute position
o f the robot.

Four possib le ways o f dea l ing with t h i s issue are
described. First the low- level contrc l ler samples the
positional values at a f i xed t i n e in i t s control cycle
lab passes these values back thmugh tbe inter face with
a f ixed Laown time delay. 'Ibe second requires external
oommao h r d w a r e connectiars between the modules t h a t
provide either the signals o f an external ly generated
clock, or tht allows separate transmissim of unique
d e s a t the t lme the position aensors are reed by t h e
low - leve l control ler . Th i s code i s appended t o t h e
sampled j o i n t posi t ion data and passed with it t o t h e
higher level . The higher l e v e l c o r r e l a t e s t h i s data
with the sensory m d l n g s -ked with the same code.

A th i rd method i s t o prov ide another i n t e r f a c e ,
- parate f r o m the oontrol -status interface, that allows
the higher cont ro l l e v e l t o t r e a t the robot p o s i t i o n
rensors l i k e any o ther sensor and sample them a t an
appropriate t i m e with respect t o t h e other sensors.
Bo th t h e second and t h i r d methods r e q u i r e an
additional i n te r face into tbe low- level controller for
e i t he r a hardware signal o r to request t h a t the
positionsensors to be sampled.

The fourth technique i s t o use a t o t a l l y separate
posit ional measurement system f r o m the j o i n t position
eeasors on the robot &nd to sample this external system
as t o the l oca t i on of t h e robot a t appropriate t i m e s
r o k t i v e to the mnsor -dings.

This par t icu lar aspect o f t he l o w - l e v e l c o n t r o l
i n t e r f a c e has bean deal t w i th here i n g r e a t e r d e t a i l
b.0~80o f the import- of kaowing the exact pos i t i on
of the robot for sensory interact ive oontrol.
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me major disadvantage of th is l eve l in ter face i s that
the command data i s not robo t independent. The burden
would f a l l upon the user t o perform the transformations
from the gene r i c w o r l d space coo rd ina te system
generally wed in the the task decomposition i n t o the
part icular j o i n t representat ion necessary f o r t h i s
particular interface. The advantage o f th is in ter face
la the very detailed control o f the robot in both space
and time that it provides f o r the user.

11.3 The Coordinated Joint b v e l C c m t r o l Interface

¶be second in ter face i s the one that occurs between the
previously de f i ned P r i m i t i v e and Coordinated Joint
levels. A t th is interface, the information takes ~1 s
DUCh more robot - independent form. The i n t e r f a c e a t
t h i s l e v e l i s reant t o be a description of the posit ion
and orientat ion o f the tool-mounting plate o f the robot
' in a wor ld space coordinate frame o f reference. Th i s
could also represent a robot -independent specifioation
of a velocity. acceleration or force vector.

Ibis is the next higher l e v e l o f interface a d as such
represents a further abstraction of the robot control
information. It i s this abstraction that has freed the
interface from specifying unique jo in t information and
a l lowed the h i g h - l e v e l tool - mount ing p l a t e pose
spec i f i ca t ion . From t h i s information, the responding
low- level control ler would transform these values t o
obtain t h e par t icu lar s e t o f j o i n t commands to the
servo l e v e l to accomplish th i s command f o r a particular
robot.

It i s t h i s very abstraction, however, that will make i t
Bore d i f f i c u l t t o s p e c i f y f i n e motion con t ro l o f the
robot through this interface. For example, there may
be severa l j o i n t configurations (as i s the case with
B O S t s i x a x i s robots) that will cause the robo t t o
posit ion i t s tool-mounting plate in the dame position
and or ien ta t ion . If one jo i n t conf igurat ion i s more
des i rab le than another f o r reasons o f j o i n t member
co l l i s ion with i tems i n the worbpace, how i s th is to
be specified? Tnis type o f specification i s unique to
part icular j o i n t configurations and it i s not clear how
the inter face can handle this information In a general
Yay consis tent w i th t h e in tended genera l i t y o f the
robo t - independent s p e c i f i c a t i o n o f t h e pose
descript ion. This problem i s great ly increased f o r
robots with mom than six axes where very large sets o f
u l t i p l e solutions exist.

Additional ef fects 'of an in ter face a t t h i s l e v e l i s the

supply below th is in ter face t o give the large range o f
con t ro l needed t o car ry cut t h e prev ious ly mentioned
m p h i s t i c a t e d capab i l i t i es . ¶be vendor would have t o
provide methods t o deal with s ingular i ty problems i n
the mechanical system. That i s , as the robo t passes
through c e r t a i n configurations, very l a r g e j o i n t
Velocities and awelerat ions are required if the pose
o f t h e tool-mounting p la te i s t o be Baintained. For
some tasks, the tolerance on maintaining this pose i s
80re critioal than the apeeds of the motion, while fcr
other tasks, the speed i s BUCh more hpor tan t than the
pose. mere would hare t o be ways of specifyirrg these
t o l e r a n c e s t h r o u g h t h i s i n t e r f a c e and t h a t
func t i ona l i t y would have t o e x i s t i n t h e vendor
mppl led oontroller t o deal with then appropriately.

Another d i f f i c u l t area concerns l i m i t a t i o n s i n j o i n t
t ravel . Pa r t i cu l a r CoBBanded poses i n wor ld apace

exceeded. Bowever, the robot Bight have a j o i n t

requ i re the j o i n t s t o f l i p t o the n e w configuration.
In this w e , the pose will probably not be maintained

DUoh imr6%3dfUnCtiOnallty the reador would have to

coordinates Bight r e a u l t i n a j o i n t limit being

Configuration B O l U t i O n t o t h e Conmand, but it Will

dur ing the j o i n t f l i p t o t h e new configuration.
Further, the robot night be SUff iCient ly close to other
p ieces o f equipment t o c o l l i d e w i t h them during the
f l i p . Bow i s t h i s t o be c o n t r o l l e d through t h i s
Interface? There are cer ta in t imes whenit would be
be t t e r t o leave t h e j o i n t commanded up against i t s
limit,other t imes when the f l i p i s appropr ia te and
mtillother t i r e s when the robot could back out o f a
congested area, f l i p t h e j o i n t s t o a b e t t e r
configuration and return. Allof this capabi l i ty would
have to be prov ided i n the Vendor's c o n t r o l l e r and a
mechanism se t up through the i n t e r f a c e t o a l l o w the
h igher - leve l c o n t r o l l e r t o decide on t h e best ac t ion
fo r a part icular task.

Another s i t ua t i on e x i s t s where the most convenient
t r a j e c t o r y f o r the robot t o make would be i n j o i n t
space. The upper l e v e l control ler might provide a goal
in the robot -independent format through the interface.
The t rans fo rmat ion o f th is pose i n t o t h e j o i n t space
representation would define a set of jo in t values that
are f a r enough from t h e present posi t ions t o t a k e a
number o f control cycles t o reach. These values could
be passed d i r e c t l y in to the servo l e v e l a l l ow ing the
j o i n t s to move a t whatever speed they can to the final
position.

Conversely , a f t e r do ing t h e t r a n s f o r m a t i o n and
calculat ing t h e f i na l j o i n t configura.ion, another
vendor aupplied algorithm could t e s t f o r j o i n t velocity
and accelerations being exceeded i f it t r i e s to ge t t o
t h i s pos i t ion i n t h e n e x t c o n t r o l cycle. If it i s too
la rge a d is tance f o r any o f the j o i n t s t o move i n one
cycle, it scales back a l l o f the j o i n t values so t h a t
a l l j o i n t s willr e c e i v e a l e g a l va lue and passes t h i s
scaled s e t t o the servos. T h i s would be repeated fo r
however many cont ro l cyoles a re r e q u i r e d u n t i l t he
f i n a l j o in t oonf igurat ion i s reached. In t h i s way, a
trajectory can be constructed through j o i n t space i n a
manner t o coordinate a l l o f the j o i n t motions so t h a t
they a l l a r r i v e a t t h e f i n a l pos i t i on together. It
would also be desirable t o control the veloc i ty o f t h i s
j o i n t space t ra jec to ry . Again, t h i s means t h a t t h e
vendor supp l ied c o n t r o l l e r would have t o be ab le to
perform a l l these functions arrd additional parameters
passed i n t h e i n t e r f a c e would be r e q u i r e d t o s p e c i f y
the choices of which function to do when.

With respect t o the status back through th i s interface,
them exists the same requirements as discussed In the
l o w - l e v e l s e r v o i n t e r f a c e concerning t i m i n g
i n t e r a c t i o n s between the l e v e l s and marking o f the
status r e l a t i v e t o the exact command it i s refer ing to.
There i s a l s o another l aye r o f complex i ty concerning
the real -position of the robot as determined f r o m the
pos i t ion sensor readings. There s t i l l e x i s t s t h e
d i f f i cu l t i es in the determination o f exactly when the
robo t pos i t i on sensors are read r e l a t i v e t o o t h e r
mensors tha t will be sampled by t h e high l e v e l
coatroller. In addition, if the pos i t im of the robot
i s r e p o r t e d as p a r t o f t h e s t a t u s through t h i s
interface, it would be as a descript ian o f the pose of
t h e too l - noun t ing p l a t e i n robo t - independen t
coordinates to coincide with tbe l e v e l o f abs t rac t im
of the oommand data a t this interface. In th i s format
it I s not known which B u l t i p l e solut ion o f the j o i n t
oonfiguration i s being used.

For example, t h e robot Bight have an elbow j o i n t i n
the down pos i t i on just aa eas i l y as t h e up posi t ion.
lothing i n the speci f icat ion of the pos i t ion and
orientation o f the too l - moun t ing plate in world space
ooordinates would i nd i ca te this. It i s unclear what
mort o f funct ional i ty each vendor should prov ide and
how the higher l e v e l c o n t r o l l e r could use a d d i t i o n a l
informtioa about this carfiguratim without defeating

68



Echo o f Incremental CO-d Muber
Status e.g EXECUTING

DONE

Joint Positiam as Mmsured

Status o f dn l res

TIMING SPECIFICATION-
l Comad and status exchanged In paral le l a t a mlnlmum o f 3Wsec

69



t h e robot - independent abstract ion intended by t h i s
l e v e l interface.

A possible method of dealing with these problem areas
i s i n the use o f the i n te r f ace t o t h e task knowledge
base desc r i bed i n t h e s e c t i o n on t h e system
modularization. This might a l low the command -status
in ter face t o maintain t h e abstract ion o f the robo t -
independent f o r m and for, part icular tasks and robots,
t o have t h e lower - leve l c o n t r o l l e r access the task
knowledge data base to re t r i eve the unique parameters
mquired. No specific recommendations or comments can
be made here about t h i s because inves t iga t ions i n t o
t h i s technique are s t i l l in beglnnlng stages a t NBS.

As can be seen by t h e above discussion, the I n t e r f a c e
i n t o the. Coordinated Joint Level, which on f i r s t glance
appeared t o o f f e r a robot - independent i n t e r f a c e ,
r e q u i r e s considerable a d d i t i o n a l control information
a d a large set o f control capabi l i t ies to be supplied
by the vendor. Without these, the f i n e motion control
and real - time path mcdif icat ian required for sensory
in te rac t i ve control would not be possible.

11.4 The Pr imi t ive Level C o n t r o l In ter face

An def ined i n t h e NBS a r c h i t e c t u r e , the i n t e r f a c e a t
this l e v e l has abstracted the task commands to the form
o f g o a l p o i n t s i n apace, s p e c i f i e d i n a r o b o t -
independent format (a tool -mounting p l a t e pose.) The
pr imi t ive level i s t o calculate the intermediate poses
requi red f o r t r a j e c t o r y and path c o n t r o l t o t h i s goa l
point and t o e i the r decelerate and stop, or f l y past it
according t o some path tolerance, v e l o c i t y and path
smoothing algorithms. It i s also expected that various
senrory data will be used by t h i s l e v e l t o car ry out
r e a l - t i m e pa th modif icat ion. The u s e r will have t h e
aapability to add whatever sensors are required and to
modify the path c a l c u l a t i o n a l g o r i t h m accordingly.
Further, the commands a t this in te r face encapsulate not
only control o f the robot nanipulator, but also control
o f i t s end -effector in as much as i t s act ions are to be
ooordlnated with the robot motions.

Allo f these functions, includ2.w the a b i l i t y to modify
t h e path generat ion a lgor i thms and i n t e r f a c e t o
rensors would have t o be prov ided by t h e vendor t o
support th is l e v e l o f in ter face. Because this l e v e l o f
interface makes so many i m p l i c i t assumptions m 80 much
o f the design o f t h e c o n t r o l system, and r e q u i r e s so
many c a p a b i l i t i e s ,to be i n s t a l l e d i n the vendor
supplied portion, it seems lnappropriate a t th is t i m e
t o cons ide r it as a g e n e r a l purpose l o w - l e v e l
c o n t r o l l e r interface.

111. RECWHENDATIONS-

The lnterface into t h e R i m i t i v e C o n t r o l Lcvel is not
considered a reasonable in ter face at t h i s t ime because
o f the reasons made i n t h e discussion above. The
i n t e r f a c e i n t o the Coordinated Joint Level, while
offering the benefi t o f a potential ly robot-independent
8peci f lcat ion, requi res such a high l e v e l of vendor
suppor t and so much robo t - dependen t p a r a m e t e r
EpOCif icat iOn that it i s also probably an iaappropriate
l e v e l a t this time.

m e interface to the Servo Control Level, while placing
the burden o f t h e coordinate transformations on the
urer , has t h e advantage o f a l low ing a high degree o f
motion and robot oonfiguration oont ro l i n real - t ime.
mfore a more abr t l rc t higher level interface i s ueed,
i t i s reasonable t o a t tempt t h i s low - level i n t e r f a c e
oap8b i l i tp with severa l vondors EO tha t a number o f

users and researchers can experiment with, and gain
erperieme by programming a suf f ic ient ly large set o f
tasks with t h i s i n t e r f ace t o b e t t e r understand the
r e a l - t i n e o o n t r o l problem, and, by so doing, b e t t e r
understand how t o mdu la r i ze mnd specify interfaces.

Since even the inter face to the Servo Control Level as
described above I s very complex, a subset o f t h i s
i n t e r f a c e i s recommended. Because mcst vendors
calculate a pos i t i on serve algorithm, t h i s cou ld be
considered the min imum joint oommand data. If others
cou ld also o f f e r v e l o c i t y or torque contro l , the
interface could easi ly accomodate them. A minimum se t
o f a c t u a l commands shou ld be p r o v i d e d such as
INITIALIZE, CALIBRATE, TURN-OFF-SERVOS, and SERVO-
JOINTS. In l i k e manner, a minimum set o f status values
should be provided such as MECUTINC and DONE.

Fields i n the data specif icat ion should be provided fo r
the commanded j o i n t posi t ions, the va lues t o set o r
reset ind iv idual brakes, and aome argument t o ind icate
the command number or similar m e c h a n b m fo r the status
t o echo fo r posit ive ident i f icat ion o f the par t icu lar
oomand that the status re fe rs to.
Additional status f i e l d s could contain the actua l brake
s ta tus and the measured j o i n t pos i t ions. Timing
specifications could be of the form as shown in Figure
6.

An inter face of th is l e v e l provided by a l l o f the robot
vendor's would g r e a t l y enhance a number o f user 's
c a p a b i l i t i e s i n studying task deconposition, sensory
in teract ive control and large integrated system issue:.
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